ABSTRACT The transport of sulfate was studied in basolateral membrane (BLM) vesicles isolated from rat kidney cortex by centrifugation on a Percoll self-generating gradient. In contrast to sulfate transport at the luminal membrane, sulfate uptake by BLM vesicles was not sodium dependent. However, imposition of an inside > outside bicarbonate gradient stimulated BLM sulfate uptake nearly 10-fold and produced a transient overshoot of about 4-fold. This process appeared to become saturated at high concentrations of either bicarbonate or sulfate. Sulfate itself, thiosulfate, and hydroxyl, but not chloride or thiocyanate, were able to substitute for bicarbonate. None ofthese anions was as effective as bicarbonate. The sulfate/bicarbonate exchange was unaltered by manipulation of membrane potential, suggesting that it was electroneutral. Both bicarbonate stimulation and overshoot could be prevented by known inhibitors of anion transport, including mercuric chloride, 4-acetamido-4'-isothiocyanostilbene-2,2'-disulfonic acid, and phloretin. Bicarbonate-stimulated sulfate uptake also was inhibited by thiosulfate, probenecid, and acetazolamide. Thus, rat kidney BLM vesicles showed carrier-mediated anion exchange. Its properties indicate that this carrier may participate in both reabsorptive and secretory sulfate transport.
Regulation of plasma sulfate by vertebrates appears to involve both renal tubular secretion and reabsorption. In the teleost fish, in which secretion predominates (1, 2) , the uphill step that drives secretion apparently takes place at the peritubular face of the cell where proton (hydroxyl) gradient-coupled sulfate transport is observed (3) . After accumulation within the cell, sulfate may exit at the luminal face of the cell in exchange for bicarbonate or another anion (4) . The luminal anion exchanger is similar to exchangers described in other tissues except that its affinity for chloride apparently is much lower (5) (6) (7) (8) (9) (10) .
In mammals, sulfate is reabsorbed rather than secreted (11) . Sulfate transport takes place in the proximal tubule (12) , and the luminal uptake step has been shown to be sodium dependent both in the intact tubule (13, 14) and in isolated luminal membranes (15, 16) . This sodium-dependent concentrative uptake appears to be electroneutral both in brush border membrane vesicles (15, 16) and in intact tubules (17) . These results suggest that two sodium atoms are transported with each sulfate. The exit step at the contraluminal face of the cell has not been characterized. However, several lines of evidence suggest that carrier-mediated sulfate transport may occur there. First, using micropuncture techniques, Ullrich et at (18) demonstrated sulfate inhibition of thiosulfate secretion in the late proximal convoluted tubules. They also have shown that sulfate uptake from peritubular capillaries was sensitive to 4,4'-diisothiocyanostilbene-2,2'-disulfonate (DIDS) and required the presence of bicarbonate (13, 14) . More recently, Brazy and Dennis (19) provided evidence from perfused rabbit proximal tubule for sulfate self-exchange and trans-stimulation at the peritubular membrane.
In the work reported here, we have shown that sulfate is transported across the rat cortical tubule contraluminal membrane via anion exchange and that bicarbonate is the most effective counterion for this process. The characteristics of this process are compared with those of other anion exchangers, and its role in bidirectional tubular transport of sulfate is discussed.
MATERIALS AND METHODS
Basolateral Membrane (BLM) Vesicle Preparation. BLM were isolated from the renal cortex of male Wistar rats (200-300 g) by density gradient centrifugation on self-orienting Percoll (Pharmacia) gradients essentially according to published methods (20, 21) . Briefly, rats were killed by decapitation and their kidneys were rapidly transferred to ice-cold saline. All subsequent steps were carried out on ice. The renal cortex was excised, minced, and homogenized [1:6 (wt/vol); 20 strokes at 1,000 rpm followed by three 20-sec pulses in a Polytron (Brinkman)] in 250 mM sucrose/10 mM Tris-HCl, pH 7.6/0.1 mM phenylmethylsulfonyl fluoride. After dilution with an equal volume of sucrose buffer, the homogenate was centrifuged at 1,500 x g for 15 min. The resulting supernate was centrifuged at 20,500 x g for 20 min and the light fluffy layer (crude membranes) was resuspended in 32.2 ml of sucrose buffer and homogenized for 20 strokes as above. Percoll (2.8 ml) was added, and the mixture was centrifuged at 48,000 X g for 30 min. The first 10 ml was drawn from the top of the gradient, diluted to 30 ml with sucrose buffer, and centrifuged at 100,000 X g for 60 min. The membrane pellet was resuspended in 30 ml of vesicle buffer (100 mM mannitol/50 mM KHCO3/10 mM Tris Hepes, pH 7.5, unless otherwise specified) and centrifuged again at 100,000 X g for 60 min to remove the remaining Percoll (22) . It was critical to remove the Percoll because it interfered with the protein assay used. The final membrane pellet was resuspended in vesicle buffer and frozen in liquid nitrogen until used, usually within 10 days. This procedure yielded BLM with enrichments of 15-to 25-fold for the BLM marker enzyme Na,KATPase compared to only 1-to 2-fold for alkaline phosphatase, the brush border membrane marker.
Brush border membranes were isolated by Ca2+ precipitation and differential centrifugation as described by Beck and Sacktor (23) . These membranes had enrichments of 15 2604 Cell Biology: Pritchard and Renfro nitol/10 mM Tris Hepes, pH 7.5/0.5 mM CaCl2) with 10 dul of membrane vesicles at room temperature (21-230C). Mixing in these proportions produces a 1:6 dilution of vesicle buffer. Therefore, vesicles prepared in vesicle buffer containing 50 mM HCO-will have 8.3 mM HCO_ outside during uptake measurement, or a 6-fold HCO-gradient (inside > outside). After the desired incubation time, transport was halted by the addition of 1 ml of ice-cold stop solution (300 mM mannitol/50 mM Tris Hepes, pH 7.5/0.5 mM CaCl2/1 mM HgCl2). Vesicles were collected and washed with 2 ml of ice-cold stop solution on Millipore filters as described (3, 24) . Each experiment was carried out in triplicate on two to five separate membrane preparations.
Preliminary experiments indicated that inclusion of Ca2' (0.5-1 mM) in incubation buffer and stop solution improved the reproducibility of BLM uptake and increased the magnitude of the HCO-effect. This was apparently related to a "tightening" of the membrane because control uptake-i.e., no HCO3 gradient-at early times (5 and 15 sec) was slower in the presence of Ca2+. However, inclusion of Ca2' in the vesicle buffer occasionally gave highly variable results in vesicles stored under liquid nitrogen, possibly related to clumping of the membranes. Therefore, Ca2+ was included only in the incubation and stop solutions in the experiments reported here.
Enzyme Assays. Na,K-ATPase was determined by the method of Miller et aL (25) . Alkaline phosphatase activities were measured as described (3) (Fig. 3A) . A further increase to 75 mM HCO-did not result in greater uptake. It appeared that half-maximal uptake was achieved at about 20 mM HCO -. On the other hand, sulfate uptake (with inside HCO-= 50 mM) appeared to become saturated at about 10 mM so4, and half-maximal uptake occurred at 1-2 mM (Fig. 3B) (20 ,ug/mg of membrane protein). In the lower pair of curves (HCO-inside = outside), vesicles contained 100 mM mannitol/50 mM NaHCO3/10 mM Tris Hepes, pH 7.5, and were incubated with buffer containing 50 mM KCl, 50 mM NaHCO3, 10 mM Tris Hepes at pH 7.5, 0.5 mM CaCl2, and 50 ,1M 35SO2-with or without valinomycin. Under these conditions, valinomycin produces an inside-positive membrane potential. In the upper pair of curves (HCO-inside > outside), vesicles contained 100 mM mannitol/50 mM KHCO3/10 mM Tris Hepes, pH 7.5. In the external medium 50 mM KCl replaced the KHCO3 (i.e., K+ outside = inside). Thus, in the presence of valinomycin, any potential present in these BLM vesicles should be short-circuited.
Cell Biology: Pritchard carbonate-driven sulfate uptake (Fig. 4) . Second, vesicles were prepared and incubated in 50 mM bicarbonate (i.e., inside = outside) and a 50 mM K+ gradient (outside > inside) was imposed in the presence of valinomycin. Under these conditions, the K+ diffusion potential should produce a transient insidepositive potential (21, 23) . Again, sulfate uptake was unchanged (Fig. 4) . Thus, the rate-limiting step in sulfate uptake appears to be independent of potential.
Effect of Inhibitors on Sulfate/Bicarbonate Exchange. Fig.  5 summarizes the effects of several potential inhibitors on HCO-/SO2-exchange. Mercury, a relatively nonspecific inhibitor of carrier-mediated transport (27) , inhibited sulfate uptake by 50% (at 10 ,uM) to 90% (at 100 ,M) at 15 sec. SITS, a widely used inhibitor of anion exchange in other systems, abolished the bicarbonate stimulation of sulfate uptake. Phloretin, which also inhibits anion exchange in several systems (10) , was an effective (=70%) inhibitor. Thiosulfate, presumably a competitor for the sulfate site (13, 18, 19) , also virtually eliminated the HCOj stimulation of sulfate uptake at 15 sec. The carbonic anhydrase inhibitor acetazolamide at 1 mM and the organic anion transport inhibitor probenecid at 5 mM each produced significant inhibition but required relatively high doses. By 60 min, all preparations except those exposed to 100 AuM HgCl had achieved the same equilibrium as the controls. Thus, it appears that 10 AM Hg2' and each of the other inhibitors exerted their effects on the uptake process rather than on vesicular volume, membrane integrity, or binding.
DISCUSSION
Properties of BLM Sulfate Uptake. The results presented above indicate that sulfate crossed the renal BLM via carriermediated anion exchange (Figs. 1-3) . Like anion exchange systems of other tissues (3) (4) (5) (6) (7) (8) (9) (10) , the BLM system appeared to be saturable and accepted a broad range of anions. Bicarbonate was the most effective counterion, followed by hydroxyl, sulfate, and thiosulfate in decreasing order of effectiveness (Table  1) . However, unlike the anion exchange systems in erythrocytes (5-7), Erlich ascites tumor cells (8, 9) , and rabbit ileum (10), chloride was not able to stimulate sulfate uptake by rat renal BLM vesicles (Table 1) . In this respect, the rat kidney BLM behaved more like the flounder kidney membranes, in which chloride is much less effective than bicarbonate at both luminal (4) and contraluminal (3) faces of the tubule.
The lack of effect of an electrical gradient on BLM sulfate uptake is consistent with exchange of one sulfate (divalent) for two bicarbonate (monovalent) ions. However, uptake of one sulfate plus one H' (6, 7) or one K+ (8) in exchange for one monovalent anion could also yield electroneutral exchange. These possibilities have not been examined in detail; however, on the basis of the essentially equivalent uptake of sulfate at pH 5.5 (inside = outside) and 8.0 (inside = outside) (Fig. 2) (19) indicated that sulfate and thiosulfate transport by the mammalian proximal tubule was bidirectional. Reabsorption was dependent upon luminal Na' (13) (14) (15) (16) 18) and was insensitive to (13) or poorly inhibited by (19) luminal SITS or DIDS in the intact tubule or in BBM vesicles (15, 33) . Although the mechanism responsible was not known, sulfate reabsorption could also be inhibited by contraluminal events-e.g., removal of HCOj from the peritubular perfusate (13, 14) or exposure to DIDS (14, 33) or SITS (19) . It could be stimulated by increased peritubular sulfate-i.e., it showed self-exchange or transstimulation (19) .
The present observations provide direct evidence for the Proc. Nad Acad. Sci. USA 80 (1983) Proc. Natd Acad. Sci. USA 80 (1983) 2607 presence of an anion exchange system on the contraluminal face of the tubular cell. Its properties indicate that it is responsible for the changes in sulfate reabsorption observed in the intact tubule after modification of peritubular bicarbonate or sulfate concentrations or exposure to disulfonic stilbenes (13, 14, 19) . First, bicarbonate (inside > outside) was particularly effective in stimulating BLM sulfate uptake (Fig. 1) , and reversal of the bicarbonate gradient (outside > inside) accelerated efflux from sulfate-preloaded vesicles (unpublished data). Thus, the dependence of sulfate reabsorption on peritubular bicarbonate, noted by Ullrich et aL (13) , appears to be mediated by BLM anion exchange. Second, like sulfate reabsorption in the intact tubule (13, 14, 19) , the BLM anion exchanger is shared by thiosulfate, which exhibits both trans-stimulation (Fig. 2) and cisinhibition (Fig. 5 ) of sulfate uptake. Similarly, the BLM anion exchanger could account for the sensitivity of reabsorptive flux in the intact tubule to the disulfonic acid stilbenes, SITS (19) and DIDS (14) . These observations indicate that during reabsorption sulfate enters the cell via Na+/SO2-cotransport at the luminal membrane and exits at the BLM via anion exchange. It appears likely that the BLM anion exchanger described here also may play a role in secretion of sulfate and thiosulfate. Indeed, we have recently demonstrated that a similar mechanism located in the BLM drives sulfate secretion in the southern flounder (3) . Here the BLM carrier was driven by a pH gradient (inside > outside) and movement of H' (or OH-) down an electrochemical gradient drove sulfate uphill into the tubule. Exit of sulfate across the luminal membrane was mediated by another anion (HCO-) exchange system (4). In the mammalian tubule, secretory fluxes have been shown to be inhibited by contraluminal thiosulfate and SITS (19) and by DIDS, probenecid, and p-aminohippurate (14, 18) . These properties coincide with those of the BLM anion exchanger, for which thiosulfate, SITS, and probenecid all inhibit (Fig. 5) .
The similarities between inorganic and organic anion secretion, not only in kidney but also in the erythrocyte, have been noted (36) . Probenecid, the classical inhibitor of renal organic anion transport, also inhibited sulfate transport in BLM vesicles (Fig. 5 ) and in the intact tubule (14) . Both processes are sensitive to SITS and Hg2+ (3, 4, 19, (37) (38) (39) (Fig. 5) , and it is tempting to suggest that they share a common mechanism at the BLM. However, Ullrich (14) has shown that p-aminohippurate transport was greatest in the early proximal tubule whereas thiosulfate (and presumably sulfate) secretion was maximal in the late proximal tubule. Note also that a p-aminohippurate gradient (Table 1) did not effectively drive sulfate uptake by the rat BLM. Thus, existing data seem more consistent with the presence of several systems with different, but perhaps overlapping, specificities.
In summary, we have shown that sulfate transport at the contraluminal membrane is mediated by an anion-exchange system. Like other anion exchangers, this system was shared by thiosulfate and was sensitive to SITS, Hg2+, and phloretin. The most potent counterion was bicarbonate. Hydroxyl ion also may drive sulfate uptake, but chloride was ineffective. Uptake was saturable and electroneutral. In concert with luminal Na+/sulfate cotransport, BLM anion exchange appears to mediate sulfate reabsorption. In analogy with previously described sulfate secretion by teleost kidney (3), this exchanger also may play a role in sulfate and thiosulfate secretion.
